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The autocrine CXCR4/CXCL12 axis contributes to lung
fibrosis through modulation of lung fibroblast activity
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Abstract. The C-X-C Motif Chemokine Receptor 4/C-X-C
Motif Chemokine Ligand 12 (CXCR4/CXCL12) axis has
been implicated in the pathogenesis of pulmonary fibrosis.
However, the mechanisms governing this remain to be deter-
mined. The current study demonstrated that human lung
fibroblasts (HLFs) exhibit high CXCLI2 expression and also
exhibit high expression of its corresponding receptor CXCR4.
Exogenous CXCL12 was revealed to significantly promote the
migration and proliferation of HLFs, and potentiate CXCR4
expression. These effects were demonstrated to be inhibited
by AMD3100, which is an antagonist of CXCR4. Lung and
bronchoalveolar lavage fluid CXCR4 and CXCL12 expression
was upregulated by in vivo bleomycin administration, which
was partially inhibited by pre-treatment with AMD3100.
AMD?3100 also reduced lung collagen content in the bleo-
mycin model. Inhibiting CXCR4 was indicated to ameliorate
the lung compliance and resistance of pulmonary fibrosis.
In conclusion, the results of the present study suggested that
autocrine CXCR4/CXCL12 axis is an important mechanism
underlying the pathogenesis of idiopathic pulmonary fibrosis,
and may serve as a potential therapeutic target that can be used
in the treatment of pulmonary disease.

Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic and progres-

sive fibrotic lung disease, with a median patient survival time
of 2.5-3.5 years and an increasing worldwide incidence (1).
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IPF is characterized by tissue remodeling, fibroblast prolif-
eration and extracellular matrix accumulation in the lung
parenchyma. The fibrotic response in IPF appears to be driven
by sequential alveolar epithelium injury and the subsequent
abnormal wound-healing response, which involves multiple
cells and factors (1-3).

Chemokine expression is stimulated by infection and
inflammation, which serves an important role in the attrac-
tion, recruitment and activation of leukocytes and immune
cells (4,5). C-X-C Motif Chemokine Ligand 12 (CXCL12)
represents the natural ligand for C-X-C motif chemokine
receptor 4 (CXCR4) and has been indicated to play a role in
the metastasis of CXCR4-expressing cells (6-8). Fibrocytes
originate from the bone marrow, and express hematopoietic
(CD34+) and mesenchymal markers [collagen I+ (Coll+) and
vimentin+] (9). Increasing experimental evidence has demon-
strated that CD45+ Coll+ CXCR4+ fibrocytes can migrate to
the lungs, following bleomycin injury, in a CXCLI12-dependent
manner (10-12). Furthermore, the pathophysiological axis
of CXCR4/CXCLI12 is an important mediator of the activa-
tion of fibrocytes to produce excess extracellular matrix
components and to further differentiate into contractile myofi-
broblasts (10-13). Experimental evidence has revealed that the
CXCR4/CXCLI12 axis is an important mechanism by which
fibrocytes participate in the pathophysiological process of lung
fibrosis (10-13). However, an additional study demonstrated
that CD45+ Coll+ CXCR4+ fibrocytes make a negligible
contribution to lung fibrosis (14). Therefore the direct role of
this biological axis in mediating pulmonary fibrosis remains to
be accurately determined.

Within hypoxic areas of malignant tumors, it has been
demonstrated that CXCLI12 is secreted by a variety of cells,
including tumor cells, stromal cells and tumor-associated
fibroblasts (4,5). It has been indicated that CXCL12 activates
specific tumor cells via autocrine and paracrine signaling, and
enhances their proliferation by upregulating CXCR4 expres-
sion (15-17). Furthermore, CXCR4 can facilitate tumor cell
adhesion and resistance to apoptosis (17,18). In conclusion, it
can be suggested that CXCR4 is associated with the prolifera-
tion, cell trafficking and metastasis of cancer cells.

It was hypothesized that the CXCR4/CXCL12 axis is
highly active in IPF and contributes to pathogenesis by
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directly targeting human lung fibroblasts through autocrine
mechanisms. Furthermore, inhibition of CXCR4 may attenuate
lung injury and fibrosis pathologically and physiologically.
The current study revealed, through both in vitro and in vivo
experiments, that autocrine CXCR4/CXCL12 contributes
to lung fibrosis by directly modulating the activities of lung
fibroblasts.

Patients and methods

Patient samples. Tissues from 4 IPF patients were collected by
surgical lung biopsy between October 2016 and March 2018.
Patients were diagnosed through histological evidence of
usual interstitial pneumonia. IPF was diagnosed in accordance
with the current guidelines of the American Thoracic Society
and the European Respiratory Society (1). Control samples
from 4 patients who had been diagnosed with primary spon-
taneous pneumothorax and received thoracoscopy for stapling
air leakage, were collected between November 2016 and
May 2018. Patient details are shown in Table I.

Primary human lung fibroblast culture and proliferation
assay. Human lung fibroblasts (HLFs) were derived from
the lung tissues of 3 patients with IPF (patient nos. 2-4,
described in Table I). Control lung fibroblasts were derived
from histologically normal lung tissue samples of 3 patients
(patient nos. 6-8, described in Table I). HLFs were cultured
at 37°C in a 5% CO, incubator using the tissue explant adherent
method and morphologically observed. Immunofluorescence
staining was used to ensure the identification and purity of
the primary-cultured HLFs. The culture procedure and cell
characterization were conducted as previously described (19).

The proliferation of normal HLFs was evaluated using
a MTT assay (Sigma-Aldrich; Merck KGaA). A total of
5x10° lung fibroblasts were seeded into each well of a 96-well
plate with DMEM (HyClone; GE Healthcare Life Sciences)
containing 2% FBS (HyClone; GE Healthcare Life Sciences),
and cultured for 108 h at 37°C. The medium was then replaced
with 200 ul of PBS containing 250 yg/ml MTT every 12 h.
Subsequently, the plates were cultured for an additional 4 h
at 37°C. The PBS in the plate was then carefully removed and
the trapped MTT crystals were solubilized with 200 ul of
DMSO (Sigma-Aldrich; Merck KGaA) at 37°C. Absorbance
was measured 10 min later using a microtiter plate reader
(model Infinite M200; Tecan Group Ltd.) at 490 nm. Each
experiment was performed in triplicate.

To investigate the effects of CXCL12 on cell prolifera-
tion and expression of CXCR4 and coll, normal HLFs were
cultured in 96-well plates (5x10* cells/well) or six-well plates
(1x10° cells/well) in DMEM with 10% FBS at 37°C. After 24 h
of culture, the cells were starved in FBS-free DMEM overnight
and then incubated for 72 h with a variety of concentrations of
CXCL12(0,0.2,1,5,25 and 125 ng/ml; R&D Systems, Inc.) in
DMEM with 2% FBS at 37°C.

The current study was approved by the ethics committee
of the China-Japan Friendship Hospital. All included patients
signed informed consent for participation in the present study.

Western blot analysis. The fourth passages of fibrotic HLFs
(collected from patient nos. 2-4, described in Table I) or normal
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HLFs (collected from patient nos. 6-8, described in Table I) and
the whole lung tissues from 4 IPF patients and 4 control patients
(patient nos. 1-8, described in Table I) were used to determine
the expression of CXCR4 and Coll, using a RIPA assay buffer
(150 mM NaCl; 10 mM NaF; 1.5 mM MgCl,; 10% glycerol;
1% Triton X-100; 4 mM EDTA; 0.1% SDS; 50 mM HEPES;
1% deoxycholate; pH 7.4) containing complete proteinase
and phosphatase inhibitor cocktails (Roche Diagnostics).
The cytoplasmic extracts were obtained from lysates after
centrifugation at 10,000 x g for 10 min at 4°C. Protein concen-
trations were assessed using a BCA kit (Pierce; Thermo Fisher
Scientific, Inc.). An equal amount of protein (30 ug for HLFs
and 100 ug for lung lysates) were subjected to 10% SDS-PAGE
gel and transferred onto a PVDF membrane (EMD Millipore)
at4°C,200 mA for 2 h. Membranes were subsequently blocked
with 5% non-fat dry milk or BSA (Sigma-Aldrich; Merck
KGaA) in TBS (10 mM Tris-HCI; pH 7.6; 150 mM NaCl;
0.1% Tween-20) at room temperature for 1 h and then incu-
bated at 4°C overnight with the indicated primary antibodies
supplied by Abcam: Rabbit anti-CXCR4 antibody (1:500;
cat. no. ab181020), rabbit anti-collagen I antibody (1:500;
cat. no. ab138492) and mouse anti-f3-actin monoclonal anti-
body (1:1,000; cat. no. ab8226). Immunoreactive bands were
detected via incubation for 1 h with the appropriate secondary,
HRP-labeled antibodies supplied by ProteinTech Group, Inc.:
HRP-conjugated Affinipure Goat Anti-Rabbit IgG (1:2,000;
cat. no. SA00001-1), HRP-conjugated Affinipure Goat
Anti-Mouse IgG (1:2,000; cat. no. SA00001-2), and visualized
using an ECL buffer (KPL; Kirkegaard & Perry Laboratories,
Inc.) with ChemiDoc XRS (Bio-Rad Laboratories, Inc.).
Relative protein levels were calculated by densitometry using
Quantity One version 4.6.6 (Bio-Rad Laboratories, Inc.) or
Image J version 1.42q (National Institutes of Health). The study
of human lung tissues was approved by the ethics committee of
the China-Japan Friendship Hospital. All investigated subjects
signed an informed consent form consenting to institutional
guidelines.

Migration assay. In the transwell migration assay, 24-well
culture inserts with porous polycarbonate membrane (8.0 ym
pore size; EMD Millipore) were used. A total of 10x10?
Normal HLFs were seeded into 60 mm dishes and grew to
80% confluence at 37°C in a 5% CO, incubator. Cells were then
serum-starved in DMEM for 24 h and incubated with CXCL12
(final concentration, 5 ng/ml) in the absence or presence of
the CXCR4 antagonist AMD3100 (100 ug/ml; Sigma-Aldrich;
Merck KGaA) for 1 h at 37 °C prior to stimulation. Subsequently,
the cells were resuspended and loaded into the upper compart-
ment of the migratory well at a density of 10x10° cells in 100 pl
of serum free DMEM. In the lower compartment, 500 pl of
DMEM was supplemented with 10% FBS in the absence or
presence of CXCL12 (200 ng/ml). After incubation for 24 h
at 37°C, the cells on the lower side of the chambers were fixed
with 4% formaldehyde solution for 30 min, stained using crystal
violet solution (Sigma-Aldrich: Merck KGaA) for 10 min at
room temperature and counted using a light microscope in 6
randomly selected fields (magnification, x100).

Pulmonary fibrosis model building and AMD3100 treatment.
Female C57BL/6 mice (age, 6-8 weeks; weight, 18-22 g; n=10 per
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Table I. General data of included subjects.
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Patient Age (yr) Sex (M/F) Smoker (Y/N) SCD (year/month) Diagnosis

1 68 M N 2016/Oct IPF

2 64 M N 2017/Nov IPF

3 64 M N 2017/Nov IPF

4 58 M N 2018/Mar IPF

5 52 M N 2016/Nov Pneumothorax
6 21 F N 2018/Feb Pneumothorax
7 16 M N 2017/Dec Pneumothorax
8 30 M N 2018/May Pneumothorax

SCD, sample collection date; IPF, idiopathic pulmonary fibrosis.

experimental group) were purchased from the Animal Center of
Peking University Health Science Center and maintained under
specific pathogen-free conditions at 25+2°C in a 12 h night/dark
cycle. The protocols were approved by the Committee on the
Ethics of Animal Experiment of Capital Medical University.

All animals were randomly divided into three groups. A
total of 5 mg/kg bleomycin (BLM; Haizheng Pharmaceutical
Co., Ltd.) in 50 ul PBS was intratracheally injected, or the
equivalent volume of PBS was used as a control, following
anesthetization with intraperitoneal injections of pentobarbital
sodium (80 mg/kg). Mice in the AMD3100 treatment group
received an intraperitoneal injection 200 yg of AMD3100
in 250 ul sterile PBS 1 day prior to bleomycin injection.
Mice in the bleomycin group received 250 ul PBS instead
of AMD3100. Mice were euthanized using pentobarbital on
day 3,7, 14 and 21 following exposure to bleomycin.

Spirometry. Lung function was measured using a method
outlined in a previous study (20). Each animal in the three groups
was weighed and anesthetized with an intraperitoneal injection
of pentobarbital sodium at a dose of 80 mg/kg on day 21. The
tracheal intubation was connected to a computerized small
animal ventilator (SCIREQ® flexiVent; SCIREQ Scientific
Respiratory Equipment, Inc.; emka Technologies). All mice were
mechanically ventilated with 21% O, at 150 breaths/min and a
tidal volume of 10 ml/kg. After 3 min of mechanical ventilation,
rocuronium bromide (0.6 mg/kg) was injected intraperitoneally
to paralyze all animals. The volume signal generated using a
computer was applied to the airway opening. After a deep
inspiration under 30 cm H,O airway pressure, the quasi-static
pressure-volume (P-V) curve was performed in situ, and the
impedance of the respiratory system was measured under posi-
tive end-expiratory pressures of 2 cm H,O. The parameter K
of the P-V curve and relevant data of airway resistance (R) and
compliance (C) were obtained using the flexiVent system.

Bronchoalveolar lavage fluid. After testing the lung function,
mice were euthanized using pentobarbital overdose and the
whole lung was removed via thoracotomy. Bronchoalveolar
lavage fluid (BALF) from the whole lung was collected using
an 800 ul aliquot of PBS, and this was repeated twice. The
collected fluids were centrifuged at 4°C for 5 min at 160 x g.

The supernatants were collected and stored at -80°C until
cytokine analyses. According to the manufacturers protocol,
the concentrations of CXCL12 in HLFs supernatant, and in
the mouse BALF and lung homogenates, were determined
using human and mouse CXCL12 Quantikine ELISA kits
(cat. nos. DSA00 and MCX120; R&D Systems, Inc.).

Collagen assay in lung tissue. The total amount of collagen in
mouse lung tissues was determined using the SIRCOL Collagen
Assay kit (Biocolor Ltd.) according to the manufacturer's
protocol. Extracts derived from left lung lobe homogenates
were incubated with Sirius red dye at room temperature for
30 min. Then absorbance at 540 nm was determined using a
spectrophotometer (Model, Infinite M200; Tecan Group Ltd.).
The amount of collagen is presented in ug per mg of wet tissue.

Histological examination. The excised lungs were perfused
with saline and inflated with 1 ml of 4% paraformaldehyde.
Lungs were then ligated at the trachea and immersed in 4%
paraformaldehyde at 4°C for 24 h. The fixed lung was embedded
in paraffin, cut into 5 ym sections, and stained with hematoxylin
and eosin for 5 min or Masson's trichrome for 30 min at room
temperature following a standard protocol. For grading lung
fibrosis, a numerical fibrotic scale was used (Ashcroft score) (21).
All histological specimens were randomly numbered and exam-
ined by three pathologists who were blinded to the treatment.
The severity of fibrosis in each lung section was assessed as a
mean fibrotic score from observation under a light microscopic
in 6 randomly selected fields (magnification, x200).

Statistical analysis. Continuous data were presented as
the mean + SEM. Differences between two groups were
analyzed using a two-tailed unpaired Student's t-test, while
one-way ANOVA with a Bonferroni post-hoc test was used for
comparisons of multiple groups. All analyses were performed
using SPSS version 13.0 (SPSS, Inc.). P<0.05 was considered
to indicate a statistically significant difference.

Results

Clinical samples indicate a high expression level of chemo-
kine receptor CXCR4 in IPF lungs. Increasing experimental
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Figure 1. Expression of CXCR4 in lung tissues. The expression of CXCR4
was increased in IPF lung tissues compared with normal lung tissues, as
indicatedindicated by (A) western blot analysis and (B) statistical analysis.
Values are presented as mean + SEM. n=4 for each group. "P<0.05 vs. control
group. CXCR4, C-X-C Motif Chemokine Receptor 4; IPF, idiopathic pulmo-
nary fibrosis.

evidence has indicated that CXCR4/CXCLI12 is associated
with the pathogenesis of lung fibrosis (10-13). Therefore, it was
hypothesized that the level of CXCR4 would be significantly
increased in lung tissue. To determine this, the current study
aimed to examine whether CXCR4 was upregulated in IPF.
Proteins extracted from lung tissues of patients with IPF and
non-IPF controls were analyzed for CXCR4 expression using
western blot analysis. As presented in Fig. 1, compared with
normal controls, subjects diagnosed with IPF exhibited higher
expression of CXCR4 in lung tissues (P<0.05).

Proliferation of primary human lung fibroblasts. To
determine the role of CXCR4/CXCLI12 in pulmonary fibrosis,
primary human lung fibroblasts were cultured from lung
tissues of 3 patients with IPF (fibrotic HLFs) and 3 patients
with primary spontaneous pneumothorax (normal HLFs).
As presented in Fig. 2A and in previous data (19), primary
HLFs had a typical spindle-shaped appearance under a
phase-contrast light microscope and were identified by positive
staining for vimentin, fibronectin and collagen III, and nega-
tive staining for VWF, ProSP-C and a-SMA (19). The growth
curve of the fourth normal HLF passages was presented in
Fig. 2B, indicating that HLFs grow relatively rapidly, with an
approximate doubling time of 72 h. Therefore, this time-point
was subsequently used to assess the proliferation effect of
CXCL12 on HLFs.

High expression of CXCR4 and collagen and autocrine
secretion of CXCLI2 by fibrotic HLFs. The cellular sources
and targets of CXCR4-CXCLI12 remain to be determined.
Therefore, the current study examined the positive regulation
of the CXCR4/CXCLI12 axis in passage 4 HLFs. Whole cell
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Figure 2. Proliferation of primary human fibroblasts. (A) Primary HLFs
displayed typical spindle-shaped morphology (magnification, x40). (B) The
growth curve of HLFs indicated a doubling time of ~72 h. HLFs, human lung
fibroblasts.

lysates were subjected to western blot analysis. As presented
in Fig. 3A-C, CXCR4 and collagen I expression were signifi-
cantly upregulated in fibrotic HLFs compared with normal
HLFs (P<0.05). The supernatant of fibrotic and normal HLFs
was collected for ELISA to determine the extracellular level of
CXCLI12. As presented in Fig. 3D, fibrotic and normal HLFs
secreted CXCL12. The secretion level of CXCLI12 in fibrotic
HLFs was significantly higher compared with normal HLFs
(P<0.01). These results indicated that HLFs (especially fibrotic
HLFs) are potential cellular sources and targets of CXCL12.

Significant inhibition of HLFs proliferation, and CXCR4 and
collagen I protein production following blocking of CXCR4.
To determine whether CXCLI12 directly induced HLFs
proliferation and CXCR4 and collagen I protein production,
normal HLFs were exposed to a variety of CXCL12 concen-
trations (0, 0.2, 1, 5, 25 and 125 ng/ml) for 72 h, and cell
growth and protein expression were assessed using an MTT
assay and western blot analysis, respectively. As presented
in Fig. 4A and B, compared with the control group (medium
without CXCL12), HLFs proliferation was induced by CXCL12
in a dose-dependent manner at levels below 5 ng/ml. The
maximum growth response was indicated at a dose of 5 ng/ml,
and this proliferation reaction was significantly inhibited
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Figure 3. CXCR4 and Collagen I expression were upregulated, and autocrine secretion of CXCL12 was increased in fibrotic HLFs compared with normal
HLFs. (A) Western blot analysis indicating the expression of (B) CXCR4 and (C) Collagen I in fibrotic and normal HLFs. (D) Fibrotic and normal HLFs
secreted CXCL12, and the secretion level of CXCL12 in fibrotic HLFs was significantly increased compared with normal HLFs, as indicated by ELISA
analysis. Values are presented as mean + SEM. n=3 for each group. "P<0.05 vs. control group; “P<0.01 vs. control group. CXCR4, C-X-C Motif Chemokine
Receptor 4; CXCL12, C-X-C Motif Chemokine Ligand 12; HLFs, human lung fibroblasts; IPF, idiopathic pulmonary fibrosis.
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of CXCLI12 concentrations. HLFs proliferation was induced in a dose-dependent manner below 5 ng/ml. The maximum growth response was observed at the
treatment dose of 5 ng/ml. "P<0.05 vs. control group. (B) The CXCL12 induced proliferation of HLFs was significantly inhibited following blockage of CXCR4.
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treatment (5 ng/ml) for 24 h. Compared with control group (medium, without CXCL12), CXCL12 treatment induced CXCR4 and Collagen I expression, and
this effect was reduced by pre-treatment with AMD3100. Values are presented as mean + SEM. n=3 for each group. 'P<0.05. CXCL12, Chemokine Ligand 12;
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Figure 5. CXCLI12 induced HLFs migration. Cells incubated with CXCLI12 in the absence or presence of AMD3100 pre-stimulation in serum-free DMEM
were added to the upper chamber and medium supplemented with 10% FBS in the absence or presence of CXCL12 were placed in the lower chamber.
(A) Photographs of cresyl violet-stained membranes (magnification, x100). (B) Quantitative analysis of numbers of migrated HLFs compared with the control
group (with CXCL12 in the lower chamber). CXCL12 incubation significantly increased HLFs migration, which was notably inhibited by AMD3100 pre-stim-
ulation. Values are presented as mean + SEM. n=3 for each group. "P<0.05. CXCL12, C-X-C Motif Chemokine Ligand 12; HLFs, human lung fibroblasts.

following the use of a CXCR4 receptor antagonist (P<0.05).
Subsequently, HLFs were treated with CXCL12 at a concen-
tration of 5 ng/ml in the presence or absence of AMD3100,
an antagonist of CXCR4, and their effects on CXCR4 and
collagen I expression were determined. Fig. 4C indicated that
compared with the control group (medium without CXCL12),
CXCLI12 treatment significantly induced CXCR4 and collagen
I expression, and this effect was reduced by pre-treatment with
AMD?3100 (P<0.05). These results demonstrated that inhibi-
tion of CXCR4 signaling can inhibit HLFs proliferation and
CXCR4 and collagen I protein production.

CXCLI2 is required for HLFs migration. The development of
lung fibrosis has been suggested to be associated with fibro-
blast recruitment into the sites of lung injury (1-3,9). A previous
study revealed that CXCLI12 can be secreted by HLFs (22).
To determine the effect of CXCL12 on HLFs migration, an
in vitro chemotaxis assay was performed. As indicated in
Fig. 5, CXCLI12 incubation significantly increased HLF migra-
tion (P<0.05), which was significantly inhibited by AMD3100
pre-stimulation (P<0.05). The results demonstrated that the
CXCR4/CXCL12 chemokine axis promoted the migration of
HLFs.

A CXCR4 antagonist attenuates pulmonary fibrosis and
decreases the protein expression of CXCL12 and CXCR4. In
accordance with previous studies (10-13), the current study
indicated that AMD3100 treatment significantly attenuated
the BLM-induced pulmonary inflammation and fibrosis, as
determined by histological examination and fibrosis score
on day 21 compared with the bleomycin group (Fig. 6). To
evaluate the therapeutic value of AMD3100 in vivo, the effect
of AMD3100 treatment on lung collagen content following
BLM challenge was also assessed (Fig. 7A). The collagen
deposition in response to BLM was decreased in the BLM
+ AMD?3100 group, which was more obvious on day 21,
compared with BLM group (P<0.05). The protein levels of
CXCL12 and CXCR4 were also determined. As presented in
Fig. 7B, the concentrations of CXCLI12 protein in BALF and
lung homogenates from BLM treated mice increased from
day 3, peaked on day 7, and then decreased gradually to the
levels of control group on day 21. AMD3100 pre-treatment
decreased the levels of CXCL12 on day 3 and day 7 (P<0.01).
BLM upregulated the expression of CXCR4 in lung tissue,
which reached a plateau on day 7. AMD3100 treatment signif-
icantly reduced the levels of CXCR4 after day 14 (P<0.01 vs.
bleomycin group; Fig. 7C).
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Figure 6. Treatment of AMD3100 attenuated bleomycin-induced pulmonary fibrosis in mice. (A) Representative images of Hematoxylin-Eosin and Masson's
trichrome staining of lung sections, respectively (magnification, x200). Bleomycin induced significant pulmonary inflammation and fibrosis, which peaked on
day 21. This histological change was markedly reduced by AMD3100 treatment. (B) Pulmonary fibrosis on day 21 was scored by Ashcroft method. Data are

expressed as mean = SEM. "P<0.05, “P<0.01. n=10 for each group.

Inhibition of CXCR4 ameliorates lung function in pulmo-
nary fibrosis. Lung function tests were performed in three
groups of mice on day 21 following exposure to PBS, BLM
and AMD3100. The P-V curve obtained is a typical curve of
the first inflation and deflation under degassing conditions
and the second complete curve to 30 cm H,0O. As presented
by the P-V curve (Fig. 8A), the maximal lung volume was
decreased after BLM challenge, compared with the control
group. However, AMD3100 treatment appeared to reduce this
disparity. The parameter K, which is an indirect representation
of lung elasticity, indicated the curvature of the upper portion
of the deflation P-V curve. This parameter of BLM group was

significantly lower than that of the PBS group, and treatment
with AMD?3100 increased the parameter K (Fig. 8B; P<0.05).
A similar variation of parameter K patterns were observed in
terms of compliance. The Quasi-static compliance indicated
the static elastic recoil pressure of the lungs at a given lung
volume. The decrease in compliance was significantly greater
in BLM group compared with the AMD3100 group (Fig. 8C;
P<0.05). The resistance of BLM group was increased, which
was significantly inhibited by AMD3100 pretreatment
(Fig. 8D; P<0.05). The aforementioned findings implied that
blockage of CXCR4 ameliorated the lung compliance and
resistance in pulmonary fibrosis.
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Figure 7. Treatment of AMD3100 attenuated bleomycin-induced pulmonary fibrosis in mice. (A) SIRCOL assay for the total collagen content in lungs.
The bleomycin-induced pulmonary fibrosis progressed and resulted in severe changes on days 14 and 21. This histological change was markedly reduced
by AMD?3100 treatment. (B) The protein level of CXCL12 in lung homogenates and the BALF of mice in 3 groups were determined using an ELISA.
Concentrations of CXCLI12 peaked on day 7 and then decreased, and AMD3100 treatment decreased the levels of CXCL12. The reduction of CXCLI12 induced
by AMD3100 in lung tissues on day 7 was statistically significant compared with the bleomycin group (P<0.01) and exhibited no effect after day 7. (C) Western
blot analysis indicated that CXCR4 was increased from 3 days to 21 days after bleomycin injury. AMD3100 treatment decreased CXCR4 protein level. C,
control; B, bleomycin; A, bleomycin + AMD3100. Data are expressed as mean = SEM. "P<0.05, “P <0.01; n=5-7 for each group.

Discussion

IPF is a progressive fibrotic lung disease with a poor prognosis
following the initial diagnosis (1). However, the pathologic
profiles for pulmonary fibrosis are poorly understood (1).
Fibroblasts are considered to be the master switch of IPF by
synthesizing ECM in fibroblastic foci (the histopathological
hallmarks of IPF) (1-3). In the current study, the effect of
the CXCR4/CXCL12 axis on the proliferation and ECM
metabolism of primary HLFs was assessed. It was indicated
that CXCL12 aggravated proliferation and migration of HLFs,
and increased collagen release by direct autocrine stimulation
via CXCR4, which could be attenuated by AMD3100 pretreat-
ment.

Chemokines and receptors are recognized universally to
be crucial in the process of leukocyte recruitment, especially
at sites of tissue injury, cell damage and infection (23-25).
CXCR4 is a chemokine receptor for the ligand of CXCL12.
CXCR4/CXCL12 axis is functional in a number of organs
including the lung, heart, kidney and liver. The present study
identified high expression of CXCR4 in lung tissues with

pulmonary fibrosis and indicated that high expression may
contribute to lung injury and fibrosis, and subsequent research
confirms this point.

Multiple cell types can express CXCR4/CXCLI12 in lung
tissues (especially in fibrotic lungs), including fibroblasts,
epithelial cells, vascular endothelial cells and some inflamma-
tory cells (26-29). As previously reported, a major population
of CXCR4+ cells was localized close to the fibroblastic foci in
lung tissue sections from patients with IPF (28,29). CXCL12
was indicated to be upregulated in reactive hyperplastic
alveolar epithelial cells often overlying fibroblastic foci, and
staining for this was also observed in endothelial cells and
some alveolar macrophages, except for the normal areas of
the IPF lungs (28), supporting the notion that these cells serve
a role in the pathogenesis of IPF. The results of the current
study demonstrated that primary human lung fibroblasts in
adult pulmonary fibrosis can express and secrete CXCLI12,
and can respond to the extraneous CXCL12 by binding to
their own receptor, CXCR4. This indicated that the autocrine
CXCR4/CXCLI12 axis resides in lung fibroblasts and contrib-
uted to lung fibrosis by directly activating lung fibroblasts.
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Figure 8. Pulmonary dysfunction was compared between the three groups. (A) Quasi-static P-V curves were measured at PEEP of 30 cm H,0. The maximal
lung volume of BLM group was significantly decreased, compared with the PBS group, and AMD3100 pretreatment alleviated the decrease in lung volume.
The decrease in (B) parameter K and (C) Compliance was significantly greater in the BLM group compared with the AMD3100 group. (D) The resistance of
BLM group was increased, which was notably inhibited by AMD3100 pre-treatment. Data are expressed as the mean + SEM. "P<0.05, “P<0.01; n=5 for each
group. PEEP, positive end-expiratory pressures; BLM, bleomycin; C, compliance; R, resistance.

A number of studies have demonstrated that CXCR4/
CXCLI12 participates in cancer development (6,8,15-18).
CXCR4 is the only chemokine receptor expressed by the
majority of cancer cells, and its ligand CXCL12 can be secreted
by tumor cells and stromal cells, including tumor-associated
fibroblasts (24,25). The underlying mechanism of this is yet
to be determined. Increasing evidence has demonstrated that
binding CXCL12 to CXCR4 stimulates the proliferation of a
variety of tumor cell lines and their migration and adhesion
to ECM components by the activation of downstream signal
transduction pathways. For example, Lin CH et al (30) demon-
strated that CXCL12, acting through CXCR4 and activating
the Rac/ERK and JNK signaling pathways, could induce the
expression of connective tissue growth factor, which is a profi-
brotic protein, in human lung fibroblasts, and potentiate their
transdifferentiation into myofibroblasts. Wang X et al (16)
demonstrated that the autocrine CXCL12/CXCR4 axis can
mediate the metastatic property of esophageal cancer stem cells
depending on ERK1/2 signaling pathway. Tian Y ef al (31)
indicated that CXCL12 induced the migration of oligodendro-
cyte precursor cells via the CXCR4 dependent MEK/ERK and
PI3K/AKT pathways. The increased expression of FOXM1
has been demonstrated to induce apoptosis resistance in
fibroblasts and contribute to lung fibrosis (32). A previous
study has also revealed that PI3Ka signaling via PDK1/AKT
could mediate FGF2-induced FOXM1 upregulation in lung
fibroblasts (32). Furthermore, FOXM1 signaling mediated

vascular remodeling and pulmonary hypertension, as previ-
ously reported (27). Collectively, these studies indicated that
PIBK/AKT and MEK/ERK pathways and FOXM1 may serve
as potential post-receptor signaling pathways that mediate the
profibrotic effect of CXCLI12 in lung fibroblasts. However, this
still remains to determined in the future.

Previous studies on CXCR4/CXCLI12 have focused on
CD45 + Col I + CXCR4 + fibrocytes, which are one of the
origins of the fibroblasts/myofibroblasts (10-13,28,29). A
previous study suggested that fibrocytes are not a necessary
source of collagen during pulmonary fibrosis, and indicated
that fibrocyte may make other contributions to collagen accu-
mulation, including activating fibroblasts to secrete CXCLI12
and aggregating other fibrotic effector cells and factors to
release CXCL12 to act on fibroblasts (14). Recent studies
using lineage tracing to explore the origins of myofibroblasts
in models of lung fibrosis have concluded that resident lung
fibroblasts are their major source (33,34). Lung biopsies from
patients with IPF indicated an increase in the number of
fibroblasts, which is likely due to increased proliferation (3).
The current study demonstrated that CXCL12 potentiated
proliferation in primary HLFs. The strategical blocking of the
CXCR4/CXCLI12 axis may be an effective approach to inhibit
the cellular activities of HLFs.

In line with prior trails (12), the results of the present
study demonstrated that the concentration of CXCLI12 was
increased late in BALF and lung homogenates after bleomycin
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instillation. This increase in CXCL12 was accompanied by
an increase in CXCR4 expression in the lungs with a peak
at the third week following injury. Currently, it is believed
that inflammation is associated with the formation of pulmo-
nary fibrosis, and a variety of inflammatory cells, including
neutrophils and lymphocytes, release a variety of inflamma-
tory factors, including CXCL12. In this cascade reaction, the
increased concentration of CXCL12 leads to the expression of
its receptor CXCR4, which further promotes the proliferation
of fibroblasts and further aggravates pulmonary fibrosis (9).
Treatment of mice with AMD3100, the CXCR4 antagonist,
decreased the production of CXCR4/CXCLI12 and attenuated
bleomycin induced lung fibrosis, despite incomplete inhibition.

It has been well established that pulmonary fibrosis is
a restrictive ventilatory dysfunction due to reduced lung
volume and decreased compliance (2). With the alleviation
of pulmonary fibrosis, pulmonary function will be improved.
Furthermore, the current study measured the lung function of
fibrotic mice. It was demonstrated that blocking CXCR4 could
not only alleviate pulmonary fibrosis pathologically, but also
physiologically. The whole lung resistance of mice decreased
significantly, and the pulmonary elasticity also improved
significantly. This is the first study exploring the autocrine
mechanism of CXCR4/CXCLI12 axis in the pathogenesis of
pulmonary fibrosis; however, the current study has limitations
due to the small number of studied subjects. Future research
using a large cohort and long-term follow-up is required to
prove the autocrine mechanism of CXCR4/CXCLI12 axis in
the pathogenesis of pulmonary fibrosis.

In conclusion, the current study demonstrated that fibro-
blasts are the cellular sources and targets of CXCL12, due
to the autocrine secretion of excessive amount of CXCL12
and over-expression of the corresponding receptor CXCR4.
The current study indicated the important role of the
CXCR4/CXCLI12 chemokine axis in the proliferation, migration
and collagen production of HLFs in vivo and in vitro. Blocking
this axis could partially attenuate pulmonary fibrosis pathologi-
cally and physiologically. These findings demonstrated that the
CXCR4/CXCLI12 axis could be a potential therapeutic target
that may be used in the treatment of pulmonary disease.
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